In recent years, there has been rapid developments in radio-frequency identification (RFID) systems, and their industrial applications include logistics management, automatic object identification, access and parking management, etc. Moreover, RFID systems have also been introduced for the management of medical instruments in medical applications to improve the quality of medical services. In recent years, the combination of such a system with a biological monitoring system through permanent implantation in the human body has been suggested to reduce malpractice events and ameliorate the patient suffering. This paper presents an implantable RFID tag antenna design that can match the conjugate impedance of most integrated circuit (IC) chips (9.3 − j55.2 Ω at 2.45 GHz. The proposed antenna can be injected into the human body through a biological syringe, owing to its compact size of 9.3 mm × 1.0 mm × 1.0 mm. The input impedance, transmission coefficient, and received power are simulated by a finite element method (FEM). A three-layered phantom is used to confirm antenna performance. key words: RFID, in-body wireless communication, implantable tag antenna, human body phantom, received power
Introduction
The radio-frequency identification (RFID) system is one of many wireless communication technologies that has experienced rapid growth in recent years. The advantages of RFID systems have led to their wide application to logistics management, automatic object identification, medicine management, and parking management, etc., because they efficiently reduce human resource requirements and simplify the work process. Furthermore, such systems are now being used to manage medical instruments in medical applications in order to achieve high-quality medical service. In addition, the integration of the RFID system into different wireless technologies, namely, in-body wireless communication, has been suggested because it has the ability to reduce malpractice and ameliorate the quality of life of the patients [1] , [2] . The main reason for this suggestion is that the elderly population has increased in recent years in developed countries which, as a result, are facing mounting healthcare problems. On the other hand, the chronic undersupply of healthcare workers has spawned medical errors and degraded medical service quality; therefore, the intro- duction of such an integrated system can reduce the pressure on the already overburdened healthcare system. Hence, an integrated RFID system with an in-body wireless communication is very attractive. In addition to in-body wireless communication, one of the body-area-network (BAN) protocols [3] , [4] is also involved. For several years during the 1980s, in-body wireless communication was developed for use in medical applications, particularly for the implantation of a cardiac pacemaker into the human body to regulate the human heart rate via asystolic control, which causes ventricular contraction. With the ongoing development of modern technologies, wireless communication with implantable devices has become a reality because of the use of implantable integrated circuits (ICs), sensors, batteries, antennas, etc., for example, in capsule endoscopy [5] and animal chip implants [6] . However, the complex human body causes extreme attenuation of the antenna performance; therefore, some of the essentials of antenna design should be completely reconsidered: (a) the physical antenna size should be miniaturized such that the antenna can be injected into the human body via a syringe in order to reduce pain during injection, and (b) the antenna should be coated with a biological material to avoid direct contact with the human tissues and reduce attenuation from the human body.
Some recent papers have addressed these issues; for instance, the planar inverted-F antenna (PIFA)-like structure on a substrate with high dielectric loss and a cavity slot antenna design was proposed [7] - [10] in order to reduce the antenna size. RF transmission between the antenna and the human body has been discussed in [11] - [13] .
In this paper, we begin by proposing a compact implantable tag antenna that is designed in combination with an IC chip to function as a passive tag device. The conjugate impedance of the IC chip is 9.3 − j55.2 Ω at 2.45 GHz [14] ; that is, the input impedance of the antenna should be designed to be 9.3+ j55.2 Ω for impedance matching. The proposed antenna has a miniaturized size of 9.1 mm × 0.8 mm × 0.8 mm owing to the folded structure [15] , and the size is 9.3 mm × 1.0 mm × 1.0 mm after glass coating. The performance of the proposed antenna is investigated by simulating its impedance characteristic, transmission coefficient, and received power by using a finite element method (FEM). Furthermore, a three-layered phantom is introduced into the simulation and measured as a substitute for a real human arm [16] .
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The remainder of this paper is organized as follows. Section 2 describes the antenna structure and simulation model. Section 3 shows and discusses the simulation and measurement results of the antenna impedance characteristic. In Sect. 4, the link budget of the received power between the proposed antenna and the circularly polarized (CP) antenna is discussed. The conclusions of this study are presented in Sect. 5.
Antenna Structure and Simulation Model
The geometry of the proposed antenna is shown in Fig. 1 . The antenna is fabricated by bending a narrow strip of 0.1 mm into a folded structure to reduce the physical size. Both the width and the height of the proposed antenna are 0.8 mm. Thus, the total size of the proposed antenna is 9.1 mm × 0.8 mm × 0.8 mm. Moreover, the loop structure is placed near the feeding point to match the conjugate impedance of the IC chip (9.3 − j55.2 Ω at 2.45 GHz). The size of the loop structure is 6.2 mm (L 1 )× 0.35 mm (W 1 ). Finally, the proposed antenna is 9.3 mm × 1.0 mm × 1.0 mm after coating with glass (ε r = 5.0). We have modeled the implantable antenna and glass coating using FEM with the aim of obtaining accurate results while maintaining a reasonable computational complexity. Moreover, we evaluated the antenna performance with a real human body, as shown in Fig. 2(a) . In this case, we modeled a three-layered human phantom as a substitute for the human arm, as shown in Fig. 2(b) . The human phantom was constructed with skin (ε r = 38.0, σ = 1.5 S/m), fat (ε r = 5.3 σ = 0.1 S/m), and muscle (ε r = 52.7, σ = 1.7 S/m) at the desired frequency of 2.45 GHz [17] with thicknesses of 2 mm, 4 mm, and 54 mm, respectively. The size of the phantom was 150 mm × 60 mm × 60 mm. In addition, we have embedded the proposed antenna in the fat layer at a depth of 2 mm because the loss in fat is less than that in skin and muscle.
Impedance Characteristics and Measurements

Impedance Characteristics without the Loop Structure
In this section, we discuss the impedance characteristics when the dipole antenna is bent into a folded structure. Figures 3(a) and (b) show the current distributions on the dipole antenna and folded antenna, respectively. The total length (L total ) of both antennas is 40.3 mm. We observe from Fig. 3(b) that the folded antenna has a width of 0.8 mm (w λ) between the folds, and four currents I a , I b , I c , and I d pass through the antenna. Table 1 summarizes the simulation results when the dipole antenna is bent as a folded structure. According to these results, it is found that the four currents are mutually cancelled; therefore, the resistance is reduced from 408.5 Ω to 18 Ω. Moreover, the inductive impedance is reduced by increasing the capacitive coupling, which is provided by the folded structure. Therefore, the reactance changes from −163.3 Ω to 57.9 Ω.
Impedance Characteristics with the Loop Structure and Experimental Results
Adding a loop structure near the feeding point improves the input impedance of the proposed antenna to match the conjugate impedance of 9.3 − j55.2 Ω. The main reason is that the currents on the proposed antenna are cancelled mutually, therefore the resistance of the proposed antenna can be reduced [18] . The effect of the loop structure on the antenna impedance is investigated by varying the parameters L 1 , W 1 , and gap. The simulated results are shown in Figs. 4(a)-(c) for these parameters. In Fig. 4(a) , it is found that when L 1 changes from 5.2 mm to 7.2 mm, the resistance increases from 6.4 Ω to 14 Ω; however, the reactance does not change.
In Fig. 4(b) , W 1 is a key factor for impedance matching; when W 1 varies from 0.15 mm to 0.55 mm, it not only causes an increase in the resistance but also has a stronger impact on the reactance. Therefore, good impedance matching can be obtained when W 1 is equal to 0.35 mm. Figure 4 (c) shows that the parameter gap has an influence on the impedance matching; thus, good impedance matching is achieved when gap is equal to 0.2 mm. As per the above discussion, the loop structure can apparently improve the input impedance of the proposed antenna from 18.0 + j57.9 Ω to 9.5 + j54.1 Ω, which approaches the conjugate impedance of 9.3− j55.2 Ω, as shown in Fig. 5(a) . Figure 5(b) shows a comparison of the simulated and measured input impedances. As a result, the measured impedance of 9.1 + j47.4 Ω shows good agreement with the simulated one. However, the measured results appear to be flat, which is caused by the lossy phantom that surrounds the proposed antenna and 1/4-wavelength balun. Figures 6(a) and (b) show the fabricated antenna, which is connected by 1/4-wavelength balun (with a length of 30.6 mm at 2.45 GHz) and a three-layered human phantom, respectively. The measurement setup for testing the input impedance of the proposed antenna is shown in Fig. 6(c) . In our experiment, a hole is dug into the phantom to connect the balun to the antenna and fix the antenna in the fat layer of the three-layered phantom.
In this study, an N5230C network analyzer and the dielectric probe kit 85070E (Agilent Tech., CA) are used for the dielectric measurements, and the measurements of the three-layered phantom are obtained at 2.45 GHz. Table 2 summarizes the comparison between the target and the measured permittivity and conductivity of the three-layered phantom with those of the reference skin, fat, and muscle [17] . All measured results are below or approaching 5% when compared with the target values, and this small difference has no influence on the antenna performance [19] . Table 3 lists the compositions of the skin, fat, and muscle. 
Path Loss
Estimation of the path loss between an external reader/writer (R/W) and a tag is essential because the tag is embedded in the human body, which is a complex environment. Therefore, parameter analysis is performed by using a high-frequency structure simulator (HFSS) (v. 10.1, Ansoft Corp.). The transmission coefficient and received power are analyzed and discussed in detail in Sects. 4.1 and 4.2, re- spectively. In addition, the reliability of the calculated received power is confirmed upon completion of the experiment.
Transmission Coefficient
Figures 7(a) and (b) show the simulation model and geometry of the CP antenna. As shown in Fig. 7(a) , the proposed antenna is in the fat layer of the three-layered phantom, and the CP antenna is set above the phantom at a specific height (h).
The reactive near-field distance (r) can be calculated by using the following formula:
Thus, r = 19.4 mm is obtained using (1) at 2.45 GHz of the ISM band (λ = 0.122 m). We assumed the antenna is work in the region between the reactive near-field and far-field, so the separation between the antennas should be larger than r. Accordingly, the CP antenna is located at h = 25-300 mm from the proposed antenna. Figure 7 (a) shows that the position of the CP antenna is varied from (x, y) (0 mm, 0 mm) to (100 mm, 100 mm) in order to achieve a significant correlation of the transmission coefficient between the proposed antenna and the CP antenna. observed from Figs. 8(a) and (b) that the results are symmetric in these figures according to a diagonal line, which might be due to the proximity of the CP antenna to the proposed antenna. Moreover, the strength of the transmission coefficient in the x-direction is higher than that in the y-direction, because the electromagnetic wave is affected by the edge of the phantom. As shown in Figs. 8(c) and (d) , the transmission coefficient becomes weak as h increases. Moreover, we also find that the nonsymmetrical structure of the phantom causes a change in the electromagnetic wave in the x-and y-directions.
As per the above discussion, the electromagnetic wave of the proposed antenna depends on the phantom structure. However, there is less influence from the phantom on the transmission coefficient of the proposed antenna when there is a small distance between the proposed antenna and the CP antenna. In addition, the three-layered phantom can be considered the most worthy candidate for in-body wireless communication. This implies that the antenna can work well in other models that are close to the structure of a real human arm [16] .
Link Budget and Measurement
In the RFID system, the link budget is generally used for estimating the amount of power that is actually received by a tag placed at a distance r from the isotropic antenna, which is denoted as the power required for R/W. A minimum RF input power of 10 μW to 50 μW (−20 dBm to −13 dBm) is required to power up the chip [20] . According to the link budget, the received power of the proposed antenna is calculated with the following formulas:
In this case, we assume a lossless environment and matched antennas, where λ is the wavelength in free space, P R is the transmitted power by the reader, and P Tag is the received power of the tag's IC chip. G R and G T are the gains in the reader and tag, respectively. The load impedance R c is 9.3 Ω which represents the input resistance of the IC chip. In addition, the losses in the coaxial cable and connector for R/W should be considered (the typical loss in the antenna cables is ∼2.5 dB) [21] . Further, the polarization mismatch between the antennas with different polarizations, namely, circular polarization and vertical (horizontal) polarization, must be considered, and Eq. (3) should be revised as
where P CL expresses the losses of the coaxial cable and connector, and P PL is the polarization mismatch. Both of these quantities are set to 3 dB in theory. Therefore, we can validate of the measured received power using Eq. (4). These parameters are summarized in Table 4 . As summarized in Table 4 , the received power of the proposed antenna is −12.1 dBm when the CP antenna is located at h = 100 mm. Figure 9 shows the measurement setup for the received power. Port1 and Port2 of the network analyzer connect to the proposed antenna and CP antenna, respectively; a fixed antenna support is used to change the height of the CP antenna. Besides, the measured gains of the proposed antenna and CP antenna are −19.3 and 2.2 dBi, respectively.
The received power is obtained generally by calculating the measured S 21 and accepted power of the CP antenna. However, we measure the received power of the proposed antenna before, there are two points should be noted: (a) Since the proposed antenna has a conjugate impedance that is different from 50 Ω system of network analyzer (NA), the mismatch between them is necessary to be considered when we measure S 21 . (b) The input impedance of the proposed antenna is 9.5 + j54.1 Ω close to 9.3 + j55.2 Ω values of the conjugate match with the IC. However, fabrication error in antenna often causes a subtle difference between the measured impedance of 9.1 + j47.4 Ω and simulated result of 9.5 + j54.1 Ω. Therefore, when the (a) mismatch loss and (b) fabrication error are considered, we could ensure that the measured result of S 21 is accurate and reliable. According to this concept, the received power of the proposed antenna can be obtained as follows. For instance, if S 21 is −10 dB which includes the mismatch loss and fabrication error, then if 30 dBm (1 Watt) is delivered from CP antenna to the proposed antenna, then 20 dBm power is received at the proposed antenna. Figure 10 shows the comparison of the calculated received power by using the link budget and the measured received power when the CP antenna is located at h = 25-300 mm; however, the antenna position is fixed at (0, 0). As a result, it is found that when the CP antenna is placed at h = 25-195 mm, the measured received power can satisfy the minimum required power of −20 dBm. Moreover, the measured results agree with the calculations because the difference is less than 3 dB.
Conclusions
An implantable tag antenna with an IC chip for an RFID system is proposed in this paper. In the proposed antenna, a conjugated impedance of 9.3 − j55.2 Ω is well-matched by adding a loop structure in the human phantom. Moreover, the measured input impedance agrees well with the simulated impedance. The received power satisfies the required power of −20 dBm when the CP antenna is located at h = 25-195 mm. In addition, the reliability of the received power is confirmed, because the difference is less than 3 dB. The proposed antenna has a compact size of 9.3 mm × 1.0 mm × 1.0 mm such that it can be easily injected into the human body by using a syringe. In our future work, an animal experiment will be carried out to demonstrate wireless communication between the proposed antenna and an R/W.
